The coagulant activity of tissue factor (TF) in the membranes of cultured cells is increased after physical disruption of the cells, and a similar increase can be elicited by treatment of cell cultures with calcium ionophore and calcium. We observed that the supernatants of cultures treated with calcium and ionophore CBI-A23187 contained more TF activity than those of control cultures. Phase contrast microscopy showed that cultures treated with ionophore and calcium contained rounded cells, membrane vesicles, and cell fragments. Laser-activated fluorescence microscopy of cells stained for tissue factor antigen showed that 4-Br-A23187, in the presence of 5 mmol/L calcium, caused progressive changes in cell morphology. Treatment of cultures with HYSICAL DAMAGE to cell membranes causes a dramatic increase in their capacity to promote reactions of the blood coagulation cascade, globally measured as procoagulant activity. Extensive studies of the prothrombinase system indicate that the activation of prothrombin is enhanced by cell membrane damage, primarily attributed to the associated redistribution of membrane lipids.' In this model, the increased availability of anionic phospholipids, and perhaps changes in physical properties of the surface, promote binding of factor V from solution, its association with factor Xa, and appropriate orientation of substrate, prothrombin. ' Cells that contain tissue factor (TF) as an integral protein in their plasma membrane have a potent ability to initiate coagulation through TF binding of factor VI1 or VIIa, promotion of factor VI1 activation, and the ability of the TF-factor VIIa complex to activate factors IX and When such cells are damaged, the increased procoagulant activity includes both augmented prothrombinase activity and increased TF a~tivity."~ In model systems, like the prothrombinase activity, TF activity is increased by the presence of anionic phospholipids, although the ability of factor VIIa to bind TF is affected little, if at all.""* Results similar to those using physical disruption have been obtained using cells in which cytoplasmic calcium levels are elevated by treatment with calcium and a calcium i~nophore.'~ Among the many effects of increased cytoplasmic calcium, redistribution of 
HYSICAL DAMAGE to cell membranes causes a dramatic increase in their capacity to promote reactions of the blood coagulation cascade, globally measured as procoagulant activity. Extensive studies of the prothrombinase system indicate that the activation of prothrombin is enhanced by cell membrane damage, primarily attributed to the associated redistribution of membrane lipids.' In this model, the increased availability of anionic phospholipids, and perhaps changes in physical properties of the surface, promote binding of factor V from solution, its association with factor Xa, and appropriate orientation of substrate, prothrombin. ' Cells that contain tissue factor (TF) as an integral protein in their plasma membrane have a potent ability to initiate coagulation through TF binding of factor VI1 or VIIa, promotion of factor VI1 activation, and the ability of the TF-factor VIIa complex to activate factors IX and When such cells are damaged, the increased procoagulant activity includes both augmented prothrombinase activity and increased TF a~tivity."~ In model systems, like the prothrombinase activity, TF activity is increased by the presence of anionic phospholipids, although the ability of factor VIIa to bind TF is affected little, if at all.""* Results similar to those using physical disruption have been obtained using cells in which cytoplasmic calcium levels are elevated by treatment with calcium and a calcium i~nophore.'~ Among the many effects of increased cytoplasmic calcium, redistribution of thrombin receptor agonist peptide caused a transient increase in cytoplasmic calcium, but had no short-term effect on TF activity or cell morphology. These combined results show that CBr423187, with extracellular calcium, increases TF activity concomitant with dramatic changes in cell morphology and the plasma membrane. The effect of increased cytoplasmic calcium on TF expression may therefore be similar in mechanism to other models of cell injury and may be caused by the effects of a sustained increase of cytosolic calcium on cellular elements that influence membrane stability and the distribution of TF per se. phosphatidylserine to the exposed surface and increased procoagulant activity have been dem~nstrated.'~ These collective findings leave little doubt that the redistribution of anionic phospholipids that occurs with membrane damage contributes significantly to the increased pmoagulant activity of the cells, due to both prothrombinase and TF. Although all of the cellular TF is usually found on the cell surface and is available to factor VIIa or antibodies, only a fraction of the TF may be active in cells that have not been disrupted.'5s16 Although this may, again, be due to a lack of sufficient anionic phospholipids on the cell surface to support full activity, TF has been found postranslationally modified by fatty acid esterification of the cytoplasmic cysteine and phosphorylation of a cytoplasmic It is therefore possible that the procoagulant activity at the cell surface may be regulated by mechanisms that affect TF in addition to changes in phospholipid distribution. Our initial experiments to examine this question in cultured fibroblasts showed that an ionophore-induced influx of calcium caused gross changes in cell morphology, release of membrane fragments, and a redistribution of TF itself.
MATERIALS AND METHODS
Human factor VIIa was provided by Drs A. Guha and Y. Nemerson (Mount Sinai Medical School, New York, NY), or the recombinant protein was purchased from Novo-Nordisk (Bagsvaerd, Denmark). Factor X was purified by published methods" with a final ion-exchange step using PBE94 (Pharmacia LKB, Piscataway, NJ) eluted with a linear salt gradient.'" Protein concentration was determined using the dye binding assay of Bradford" or the BCA protein assay reagent (Pierce Chemical CO, Rockford, IL). The thrombin receptor-related agonist peptide, SFLLRNPNDKYEPF," was synthesized in the peptide synthesis facility at the University of Nebraska Medical Center, and is referred to as the IIaR-peptide. 4-Br-A23187 was from Sigma Chemical CO (St Louis, MO). TF activity was determined with a continuous chromogenic assay for factor X activati~n;~.~ using factor VIIa at 1 nmol/L and factor X at 85 to 107 nmoVL in the final assay volume of 160 pL. The progress curves for hydrolysis of Spectrozyme FXa (American Diagnostica, Greenwich, CT) were analyzed with a modification of the TFFIT program" to fit P = p + v,t + at2/2 by multiple regression.z6 The acceleration term is provided by the second derivative and the rate of factor Xa production was calculated using published kcat and Km values for factor Xa hydrolysis of the substrate?' Fluorescence emission was detected at 525 nm using a 525/30 bandpass filter. Digitized images were analyzed for changes in fluorescence distribution and cell shape using the Meridian Dasy Software version 3.14. Cytoplasmic calcium was studied by measuring calcium-dependent changes in the fluorescence of Indo-l-AM (Molecular Probes, Eugene, OR)?' Excitation and fluorescence detection were accomplished using the Meridian ACAS 570. Cultures were illuminated with 120 mW of 351-364 nm light, and fluorescence was detected at 485 nm ( f r e e indicator) and 405 nm (calcium-bound indicator).
Cells, plated in coverslip chambers (Nunc), were incubated for 1 hour in DMEM (without phenol red) containing Indo-l-AM at 1 pmoVL. Immediately before the experiment, the cells were rinsed with media and placed in 1 mL of the DMEM. After baseline scans were acquired, IIaR-peptide was added to 94 pmoVL. After the cytoplasmic calcium had returned to near pretreatment levels, 4-Br-A23187 was added to 20 pmol/L to document continued responsiveness of the indicator.
For studies of the effects of increased cytoplasmic calcium on the cells, the monolayers in 96-well plates were gently washed with buffer (0.05 moVL Tris, 0.1 m o m NaCI, pH 7.6, containing 1 mg/ mL bovine serum albumin [TBSA]). Derivative buffers were TBSA with 2 mg/mL glucose (TBSAg), TBSAg-Ca (with 5 m o l / L calcium chloride), TBSAg-A23187 (with 10 pmol/L 4-Br-A23187 diluted from a 2 mmoK solution in dimethyl sulfoxide [DMSO]), and TBSAg-Ca-A23187 (with 5 mmovL calcium chloride and 10 pmol/L 4-Br-A23187). For some experiments, calcium and 4-Br-A23187 were prepared at twice the final concentration to give 5 mmoVL and 10 pmoVL, respectively, after a 1:l dilution. Control experiments included TBSAg with DMSO equivalent to that used to dissolve the 4-Br-A23187, and TBSAg without calcium.
Membrane fragments and vesicles were isolated from cell supernatants. The media on nearly confluent fibroblasts in 175-cm' flasks was replaced with TBSAg-Ca (16 Wflask). 4-Br-A23187 was added to experimental flasks (10 pmol/L final concentration) and control flasks received an equivalent volume of DMSO. The supernatants were gently collected after approximately 30 minutes at 37°C. and were immediately supplemented with an equal volume of TBS containing 10 mmoyL benzamidine (Sigma), 10 mmom disodium EDTA, and 1 mg/mL soybean trypsin inhibitor (Sigma). The samples were concentrated on YMlOO ultrafiltration membranes (Amicon, Danvers, MA). Cells and large particles were removed from the concentrates by centrifugation (500 rpm for 10 minutes in a Sorval RT6OOOB at 10°C) and the supernatants were gel filtered on a column 527 (2.5 X 18 cm) of Sephacryl SlOOO (Pharmacia LKB). The 3-mL fractions were assayed for protein and TF activity.
RESULTS
Initial experiments confirmed the report by Bach and Rifk i d 3 that treatment of fibroblast cultures with calcium and ionophore A23187 increases the TF activity expressed by the cells. Cultures treated with calcium and ionophore for 15 minutes expressed 1.5 to 7 times more TF activity than did cultures incubated in buffer alone. When supernatants were removed from cells treated with calcium plus ionophore, assays showed that TF was released into the supernatants of these cultures. Figure l illustrates results from one such experiment. Wells containing cells plus treatment supernatants, cells after removal of supernatants, and supernatants alone were assayed separately for TF. Cells alone accounted for the TF detected in control cells treated with buffer containing neither calcium nor ionophore, although these supernatants contained measurable activity. Assayed with both cells and supernatants together, experimental wells treated with calcium alone had TF activity comparable to that in the untreated cultures. Ionophore alone frequently depressed the activity measured in the complete mixes, whereas the activity was consistently elevated in cultures treated with both calcium and ionophore. In wells treated with calcium plus ionophore, the supernatants contained unexpectedly high activity relative to the complete system.
The extent of increased TF activity in response to calcium plus ionophore varied widely among experiments (less than 2-fold to more than 6-fold), and we suspected that this may have been due to either differences in cell densities among For personal use only. on September 24, 2017. by guest www.bloodjournal.org From 528 the experiments or loss of activity in the ionophore stocks. This issue was addressed in two experiments in which cells plated at different densities were exposed to the various experimental conditions. As shown in Fig 2, subconfluent cells produced more TF activity in response to calcium plus ionophore than did densely plated cells, much of which was due to activity released into the supernatants. Subsequent experiments used subconfluent cells. To establish a time course for the TF response to calcium and ionophore, fibroblasts in a 96-well plate were rinsed with TBSA to remove media and covered with 60 $ / w e l l of test reagents at timed intervals. Soon after the final addition of test mixtures, reagents were added to begin the assay for TF activity. One such experiment is depicted in Fig 3. As shown, the DMSO and calcium caused no increase in TF activity, whereas a time-dependent increase in activity resulted from the addition of 4-Br-A23187 and calcium. In all experiments, the TF activity was maximum at the final timepoint.
The appearance of TF activity in the supernatants of cells treated with calcium plus ionophore suggested that these cells were shedding procoagulant vesicles or membrane fragments, as had been described in studies of prothrombinase. Supernatants from treated and control cell cultures were collected, concentrated, and centrifuged as described in Materials and Methods. When gel-filtered, TF activity, independent of relipidation, eluted near the excluded volume of the Sephacryl SlOOO column. As shown in Fig 4, for which experimenbl tmtmenta included (A) calcium, (B) calcium plus DMSO, and (C) calcium plus CBr-AZ3187. For Examination of the fibroblasts by phase contrast microscopy showed morphologic differences between cells subjected to the various experimental conditions. Cells incubated in TBSAg were occasionally seen rounding up after 20 minutes, whereas cells incubated with TBSAg-Ca retained their original morphology. Cells incubated with TBSAg-A12387 appeared similar to cells incubated in TBSAg. In the presence of calcium and ionophore, the cells underwent time-dependent changes that included lifting of cell margins from the surface, disruption of cell-cell contacts, retraction of cytoplasmic projections, formation of membrane blebs, and release of membrane fragments and vesicles. Figure 5 shows cells incubated with calcium (Fig 5F) , calcium plus DMSO (Fig 5G) , or calcium plus ionophore (Fig 5A through E) . Figure 5A illustrates cell changes after 5 minutes of treatment. One of the earliest changes seen in all experiments was the appearance of membrane beads along thin cytoplasmic extensions (arrow). Figure 5B Figure 5D (1 8 minutes) and Fig 5E (23 minutes) illustrate the extensive changes in cell morphology, cell remnants attached to the surface, and released vesicles elicited by treatment with calcium plus ionophore.
To examine the relationship of changes in cell shape to the distribution of TF and time course of the activity increase, viable cells were stained with Fab'-like monovalent fragments of HTFl monoclonal antibody against human TF and an FITC-labeled secondary Fab reagent for observation by laser-activated fluorescence microscopy. Figure 6 illustrates the distribution of TF antigen on several cells, and the redistribution of TF that accompanies changes in cell structure. Thermal print images of the field were captured from the video monitor before and after fluorescence monitoring. Figure 6A presents the stained cells before the addition of 4-Br-A23187. Although the TF antigen is detected over most of the cell surfaces, the staining is speckled and nonunifonnly distributed, both within and among cells. The arrows in Fig 6A correspond to similar arrows in the thermal print, and indicate several cytoplasmic projections with significant changes over the series of images. The cytoplasmic process indicated by the open arrow (upper left) is seen separating in Fig 6D (7.5 minutes posttreatment) , forming a vesicular structure rich in TF antigen within 15 minutes. The TF antigen associated with the cytoplasmic process indicated by the solid arrow (Fig 6A, left-center) is observed to start to redistribute within 1.5 minutes (Fig 6B) , and this structure progressively changes to produce three vesicles containing TF antigen (Fig 6G and final thermal print) . The thin process indicated by the solid arrowhead in Fig 6A shows antigen segmentation by 4.5 minutes (Fig 6C) and eventually fragments into multiple membrane "beads," four of which are indicated by the small arrows in Fig 6G. Other changes in TF distribution accompanied cell rounding (cell just left of center, marked by a small arrow in Fig 6B and C; cell bottom center, solid arrowhead in Fig 6G) . Some vesicular structures that contained no detectable TF antigen are also present (long thin arrow in Fig 6G) . These results demonstrate that changes in TF antigen distribution accompany previously documented changes of cell morphology in response to treatment with calcium and ionophore. TF antigen is consistently colocalized with cells, or posttreatment derivatives, although not all cells or posttreatment derivatives can be shown to contain TF.
In several additional experiments, stained cells were observed for at least 15 minutes before the addition of ionophore. Although some minor changes in fluorescence distribution were noted (consistent with time-lapse observation of living cells), changes such as those noted in Fig 6 were observed only after the addition of the ionophore. Intact HTF1, which has generally provided more intense immunofluorescence than the monovalent fragments,2o was used for the experiment summarized in Fig 7. The image shown in Fig 7A , taken 5 minutes after replacing media with TBSAgcalcium, changed very little over the subsequent 15 minutes (Fig 7B) . However, 1 minute after the addition of ionophore, rapid changes are observed, which include separation of a cell-cell contact (Fig 7C, open arrow) and constriction of cytoplasmic projections (eg, solid arrow). Ten minutes later (Fig 7D) , cytoplasmic projections (eg, solid arrow) have broken into discontinuous patches of TF antigen, and isolated patches of immunofluorescence lie along the cell margin. Other cells, such as the one marked with the two small arrows in Fig 7A, are not so dramatically affected. Even this cell, which shows little evidence of change between Fig 7A and B, is notably altered at 11 minutes after the addition of ionophore (compare areas marked by the small arrows in Fig 7A and D) . Clearly, the changes that we have discussed are due to the effects of treatment with ionophore and calcium, and are not changes characteristic of the cells before treatment.
The thrombin receptor agonist peptide (IIaR-peptide) provides a more physiologic method for inducing increased cytoplasmic calcium levels than that obtained with ionophore. Figure 8 illustrates that the fibroblasts responded to IIaRpeptide with a transient increase in cytoplasmic-free calcium. The cytoplasmic-free calcium returned to the pretreatment level in less than 60 seconds after the initial response. The Indo-l-AM, and the cells, remained susceptible to 4-BC-A23187-induced calcium influx. The transient calcium increase induced by IIaR-peptide was not sufficient to produce an increase in TF activity. As shown in Fig 9, the fibroblasts responded typically to 22 minutes of treatment with ionophore plus calcium, but the TF activity of IIaR-peptidetreated cells was no different than that of controls. Furthermore, the presence of factors VIIa and X during treatment with IIaR-peptide did not "trap" transiently increased TF activity.
DISCUSSION
It is reasonably well established that increased procoagulant activity associated with cell surfaces can be related to changes in the distribution of phospholipids between mem- brane leaflets, with strong experimental evidence implicating the availability of phosphatidylserine.'.'' It is also clear that the procoagulant activity of cell membranes after cell disruption, or A23 187-mediated increases in cytoplasmic calcium, can be comparable to that of model membranes containing optimal proportions of phosphatidylserine.13 This model has gained wide support from studies of the prothrombinase complex, but even in this system changes in lipids alone may not provide a complete molecular model.33
We have extended the study of Bach and Rifkin" to demonstrate events in fibroblasts treated with calcium and ionophore beyond the proposed redistribution of membrane lipids. The studies are more complementary than directly comparable insofar as our experiments were not designed to reproduce their work. We used generally different methods, and we studied human fibroblasts using the nonfluorescent 4-bromo derivative of A23 187. Where our experiments overlap, our conclusions are largely in agreement. except for the For personal use only. on September 24, 2017 . by guest www.bloodjournal.org From time course of TF increase after treatment with calcium and ionophore. We observed a lag in the TF response to calcium and ionophore, and the TF activity increased throughout the posttreatment period. In their study, Bach and Rifkin'j concluded that the TF activity increase was immediate and complete based on the linear activation of factor IX over time after treatment. This discordancy may be due to differences in assay methods. substrates, species, or cell strains. Alternatively, we suggest that their factor IX activation data may contain a nonlinear component that would be consistent with a continuing increase in TF activity over the course of their experiment. Overall, we agree with the conclusions of Bach and Rifkin." including the principal observations that calcium plus ionophore produces increased TF activity, and the activity changes more rapidly than would be expected if synthesis of additional TF protein was required. The molecular events responsible for the increased TF activity remain to be defined.
Although TF and factor Vlla associate in a variety of lipids or lipid-like environments, experiments with recombinant TF constructs have found that membrane association of TF is required for activity of the TF-factor VI1 complex, although some activity can be obtained by addition of lipids to the complex of soluble TF (truncated before the membranespanning domain) with factor Vlla.11.'2.34.3K Several studies indicate that lipid-bound factor X is the preferred substrate, and acidic phospholipids increase the rate of factor X activation [39] [40] [41] . Furthermore. there is evidence for a substrate-induced conformational change in the TF-factor VlIa complex that significantly lowers the dissociation rate, and this "conformational cage" contributes to TF activity by decreasing the K1/2 for factor VlIa."' Consideration of these combined findings suggests that both appropriate lipids and the conformation of TF per se (or in complex with factor VII) contribute to the measured activity, and may not be exclusive or separable aspects of a fully active system. Changes in lipid distribution within the cell membrane may occur in response to treatment with calcium and ionophore, and our findings demonstrate that markedly more global changes in the cells occur as well. Combined events, including lipid redistribution, TF redistribution, or changes in TF structure per se (eg, covalent modifications, allosteric effects mediated through the cytoplasmic domain, or conformational features dependent on lipid milieu), may all contribute to the increased activity. It is not possible to dissociate the redistribution of lipids from the redistribution of TF, the changes in cell structure, or the access of calcium to cytoplasmic components in this system. The transient calcium flux in response to IIaR-peptide produced no increase in TF activity, even when the flux is induced in the presence of factors VIIa and X, indicating that the sustained elevation of calcium, which is accompanied by the documented changes in cell structure, is required for the increase in TF activity. Our microscopic observations of cell rounding, resorption of cytoplasmic processes, and retraction and rupture of "trailing edge" processes are highly suggestive of stress relaxation in fibroblasts treated with calcium and ionophore. Similar changes, as well as ectocytosis of membrane vesicles, have been observed when cell tension is released by physically dislodging the trailing edge from the culture surface or when an underlying collagen matrix is allowed to ~o l l a p s e .~"~ The vesicles released from cells in response to stress relaxation or sublytic complement attack are selectively enriched with subpopulations of plasma membraneassociated proteins and lipids.u345 Vesicles released spontaneously from some transformed cells have been found to be enriched in TF and our results show that the vesi-
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cles released into the supernatants by fibroblasts treated with calcium and ionophore express more TF activity than when left in the wells with the treated cell remnants. This difference is accentuated in cells plated at low density relative to cells near confluency. Cell density effects on TF activity of intact and mechanically disrupted cells have been documented in previous and have been related to the extent of cell spreading.47 The extent of cell spreading is expected to be related to the amount of stress distributed across the cell and to cell density. It is rational then to propose that cells in dense cultures are under less stress than those in sparse cultures, and the TF activity-rich vesicles are produced more abundantly in sparse cultures in response to the stress relaxation. It is also possible, but not yet tested, that the vesicles contain the most active pool of TF that may be more effectively segregated in the highly spread cells. In this model, cell disruption would result in homogenization of the TF pools described by Le et all6 with a higher average activity. Possible explanations for the lower activity of released vesicles when assayed in the presence of the cell remnants require prediction of an inhibitory mechanism attributable to the cells and remnants that remain attached to the culture well at the end of the treatment with calcium and ionophore. Such hypotheses, which must be tested in future experiments, include the possibility that TF pathway inhibitor (TFPI), if present, is selectively retained in the material that remains associated with the attached cell remnants.
Our current findings and the studies discussed are consistent with a system in which both lipid redistribution and changes in TF conformation, intermolecular associations, andor distribution contribute to the measured increase in procoagulant activity. The proposed relationship between TF procoagulant activity and cell stress may be physiologically relevant to hemostasis at wound sites, where stress within a tissue is released by tissue disruption and is slowly restored during the healing process.
